Kaushal N, Ramesh V, Gozal D. Human apolipoprotein E4 targeted replacement in mice reveals increased susceptibility to sleep disruption and intermittent hypoxia.
THE EPISODIC CHANGES in upper airway resistance during sleep in patients with sleep apnea induce numerous physiological disturbances, including fluctuations in oxygenation (intermittent hypoxia, IH), sleep fragmentation (SF), episodic oscillations in carbon dioxide tension, increased intrathoracic pressure swings, altered acid-base status, and disruptions in autonomic function and behavioral state (10) .
In addition to sleep apnea, fragmented or disrupted sleep is also a common occurrence in many other clinical conditions, including neurodegenerative diseases, such as Alzheimer's disease (AD), and has been shown to contribute to the progression of neurodegenerative processes via mechanisms that remain poorly understood (13) . Apolipoprotein E (ApoE) is a cholesterol transport protein that exists as three alleles: ⑀2 (E2), ⑀3 (E3), and ⑀4 (E4). An excess of ApoE4 allele was reported in patients with memory disorders and in late-onset familial and sporadic AD (ϳ65-75%) (7, 47, 50) . The presence of ApoE4 has been estimated as contributing to 20% of all dementias (22, 40, 52) . ApoE4 has been directly implicated in AD via increased amyloid deposition and impaired neuronal repair (1) . The ⑀4 allele is associated with reduced levels of APOE, conferring increased susceptibility and reduced response to neuronal injury (56) . Recent reports on the increased prevalence of the ApoE4 in sleep-disordered breathing (SDB) (15, 26, 35) , particularly in the presence of cognitive deficits (8, 17, 27, 30, 38) , leads to the assumption that ⑀4 carriers might be more vulnerable to any sleep perturbation. It is important to note that these studies do not differentiate between two working hypotheses, namely 1) AD elicits sleep disruption or sleep apnea, or 2) sleep disruption/sleep apnea may either cause or otherwise facilitate AD progression.
To further examine these issues, we hypothesized that both of these working hypotheses coexist, and therefore that the presence of components of a sleep disorder such as sleep apnea (i.e., IH, SF, or both) would lead to a more pronounced disruption of sleep integrity in a murine model of AD, and that the homeostatic sleep recovery processes to such perturbations would be reduced in the AD mice.Since hApoE4 mice start to develop aberrant pathophysiological responses at around 4 mo of age (9, 67) , and since C57BL/6 mice have been previously used as controls (9) , we chose to study these strains at the age 6 mo.
MATERIALS AND METHODS

Animals
Adult male human ApoE4-targeted replacement mice [B6.129P2-Apoe tm3(APOE*4)Mae N8] (hApoE4) and C57BL/6NTac (wild-type, WT) mice, purchased from Taconic (Germantown, NY), were housed in a 12-h light/dark cycle (light on 7:00 AM to 7:00 PM) at a constant temperature (26 Ϯ 1°C) and were allowed access to food and water ad libitum. The mean body weights were comparable between the groups: group 1, 25.60 Ϯ 0.86 g; group 2, 26.0 Ϯ 0.66 g; and group 3, 25.68 Ϯ 0.56 g. ApoE4 expression reduces activity of ApoE and disrupts cholesterol deposition and transport in brain. These mice express human apoliprotein E4 isoform under the control of the murine ApoE regulatory sequences (29) . The experimental protocols were approved by the Institutional Animal Use and Care Committee and are in close agreement with the National Institutes of Health Guide in the Care and Use of Animals. All efforts were made to minimize animal suffering and to reduce the number of animals used.
Surgical Procedure and Implantation of Telemetric Transmitter and Electrodes
All surgical procedures were performed under sterile conditions and using isoflurane for general anesthesia: induction, 3% isoflurane, and 1 l/min of supplemental O2 and maintenance, 2% isoflurane, and 0.5 l/min of supplemental O2. First, the animals were positioned in sternal recumbency, and a dorsal neck incision of 2-3 cm was made through the skin along the dorsal midline, after which, a 1.5-to 2-cm incision was performed through the skin and abdominal wall along the ventral midline. A telemetric transmitter weighing 3.5 g [F20-EET (DSI)], which allows for simultaneous monitoring of two biopotential channels [electroencephalogram (EEG) and electromyogram (EMG)], temperature, and locomotor activity, was inserted; biopotential leads were exteriorized; and the abdominal wall was closed using 4-0 nonabsorbable suture with a simple interrupted pattern. The two pairs of biopotential leads were then advanced subcutaneously from the ventral abdomen incision to the dorsal neck incision using a trocar. Animals were then fixed in a stereotaxic apparatus for implantation of EEG electrodes, with the first pair of biopotential leads being fixed to the skull above the frontal area (1 mm anterior to bregma and 2 mm lateral to midsagittal suture for one of the leads, and 1 mm anterior to lambda and 2.5 mm lateral to midsagittal suture for the other lead). The other pair of biopotential leads was placed within the same bundle of dorsal neck muscles for the recording of nuchal EMG.
General Experimental Set Up
Animals were housed in two identical commercially designed chambers (30 ϫ 20 ϫ 20 in
3 ) (Oxycycler model A44XO, Biospherix, Redfield, NY) that accommodate two mouse cages equipped with a custom-designed sleep fragmenter device (44) . The sleep fragmenter cages were placed on top of DSI telemetry receivers (RPC-1), which were in turn connected to an acquisition computer through a data exchange matrix. All exposures were conducted under a 12-h light/ dark (light 7:00 AM to 7:00 PM) cycle. In all experimental protocols, following at least 1 wk of acclimatization in the cages, the magnetic switch of the transmitter was activated, and polygraphic recordings were begun at 7.00 AM. This set up enabled us to subject the animals to either IH alone, SF alone, or IH and SF combined. All experimental exposures were carried out between 1 PM and 7 PM. Physiological data were continuously acquired for 24 h using Dataquest ART acquisition software (version 3.1, DSI), at a sampling rate of 500 Hz. Data were first scored automatically using SleepSign software (Kissei Comtec) (11, 34, 44) , and records were then visually confirmed or corrected as needed by an investigator who was blinded to the experimental condition.
Behavior was classified into three different states: wake, slow wave sleep (SWS), and rapid eye movement (REM) sleep. EEG during wake had low-amplitude, high-frequency (desynchronized) waves. During wake, EMG records showed gross body movement artifacts and, behaviorally, animals had grooming, scratching, and orienting activity. The SWS stage was characterized by low-frequency, high-amplitude (synchronized) EEG with a considerable reduction in EMG amplitude. The mice assumed a curled recumbent posture during this period. REM sleep was characterized by desynchronized EEG and a drastic reduction in EMG (muscle atonia). Sleep-related, low-frequency (delta) activity was also derived from the records using bandpass filtering of 1-4.0 Hz. Delta power was computed offline by using SleepSign software by Fast Fourier Transform (FFT), which was based on 512 points corresponding to 10-s epochs, at a sampling rate of 250 Hz with Hanning as the window filter of FFT. Those SWS epochs that showed movement artifacts were excluded when computing delta power, since EEG signals are especially sensitive to movement, with the resulting artifact specifically enhancing signals in the delta band. The mean wake episodes were computed throughout 24 h in 2-h bins.
Intermittent Hypoxia
Gas was circulated around each of the chambers at 60 l/min (i.e., one complete change per 10 s). The O 2 concentration was continuously measured by an O2 analyzer and was changed from 1:00 PM until 7:00 PM by a computerized system controlling the gas valve outlets, such that the moment-to-moment desired oxygen concentration of the chamber was programmed and adjusted automatically. Deviations from the desired concentration were met by addition of N 2 or room air (21% O2) through solenoid valves. For the remaining 12 h of dark period (7:00 PM to 7:00 AM), O2 concentrations were kept at 21%. The IH profile (18, 65) consisted of 90 s of 5.7% O2 alternating with 90 s room air for 12 h during the light period for 1 day. Ambient CO 2 in the chamber was periodically monitored and maintained at 0.03% by circulating the gas through soda lime. The gas was also circulated through a molecular sieve (Type 3A, Fisons) so as to remove ammonia. Humidity was measured and maintained at 40 -50% by circulating the gas through a freezer and silica gel. Ambient temperature was kept at 26 Ϯ 1°C. The cycling oxygenation profiles aimed to reproduce repetitive oxyhemoglobin desaturations to mimic moderate to severe apneic episodes during sleep and consisted of 5.7% nadir FI O 2 alternating with 21% FIO 2 every 90 s. Indeed, in a separate group of our mice, oxyhemoglobin saturation (SpO2) was measured in restrained waking conditions while exposing the animals to the IH protocol. Mean nadir SpO2 values revolved around 72-78% for all mice.
Sleep Fragmentation
SF was performed by switching on the sweeper to a timer mode in the cage. In this mode, the sweeper requires around 9 s to sweep the floor of the cage one way. When it reaches the end of the cage, a relay engages the timer to pause for 2 min before enabling the sweeper to move in the opposite direction (34, 44) . Between the two intervals, the animal remained undisturbed. During sweeper motion, awake animals have to step over the sweeper,and then can continue with their unrestrained behaviors. If the mouse is asleep during the sweeper crossings, the brief tactile stimulation elicited by the sweeper will elicit a brief arousal as required to step over the sweeper. This methodological approach prevents the need for human contact and intervention, minimizes physical activity during the entire sleep disruption procedure, and closely mimics patterns of sleep fragmentation seen in sleep disorders such as sleep apnea. Since on average, 30 episodes of arousal per hour occur in patients with severe apnea (i.e., every 2 min), our aim was to mimic closely the severe disease condition, and thus, chose 2-min intervals for the SF paradigm.
Murine Multiple Sleep Latency Test
After the experimental paradigm was completed, animals were subjected to a modified multiple sleep latency test (MSLT) the next day, as previously described by Veasey and collaborators (60) . Briefly, one cycle of MSLT consisted of keeping mice awake for 20 min followed by 20 min of allowable sleep time. A total of 12 such cycles was carried out starting from 9:00 AM ( Fig. 1) .
Experimental Design
The various phases of the experimental paradigm are illustrated in Fig. 1 .
Group 1: IH. After a 7-day acclimatization period, on experimental day 1, baseline recordings for 24 h (7 AM to 7 AM next day) were carried out for both WT and ApoE4 (n ϭ 6 each). The next day (day 2), following baseline recording, MSLT was performed from 9 AM to 5 PM as described above. There were no recordings performed on day 3, and on day 4, recordings were carried out for 24 h during which the mice were subjected to IH from 1 PM to 7 PM, followed by a second MSLT from 9 AM to 5 PM on day 5. Group 2: SF. After a 7-day acclimatization period, on day 1, 24-h baseline recordings (7 AM to 7 AM next day) were carried out for both WT and ApoE4 (n ϭ 6 each). The next day (day 2), following baseline recordings, MSLT was performed from 9 AM to 5 PM as described above. On day 4, mice were subjected to SF from 1 PM to 7 PM, followed by MSLT from 9 AM to 5 PM on day 5.
Group 3: IHϩSF. An identical process was followed and performed in both WT and ApoE4 (n ϭ 6 each), except that the mice were subjected to concomitant IH and SF from 1 PM to 7 PM on day 4, followed by MSLT from 9 AM to 5 PM on day 5.
Body temperature. Body temperature was recorded every 10 s throughout all experiments. To increase the precision of recording, the lower limit of temperature records was set at 34°C and the upper limit at 41°C. The transmitter underwent three point calibration at 35°C, 37°C, and 39°C before beginning of each recording.
Data Analysis
In all the experimental conditions, the sleep-wake data were divided into 10-s epochs and scored and then summarized into 2-h bins. To elucidate the nature of identified interactions for the baseline and intervention, the data were analyzed by one-way ANOVA. First, overall statistical significance was determined for the 24-h period between the treatment groups (BL and IH, BL and SF, and BL and IHϩSF). In addition, intergroup comparisons (WT and hApoE4) were also carried out. The statistical significance for 2-h bins for 24 h was assessed, followed by post hoc Holm-Sidak analyses, as needed. Similar statistical approaches were used to compare delta power during SWS, wake episodes, and core body temperature. For all comparisons, a P value Ͻ0.05 was considered to achieve statistical significance.
RESULTS
After surgical procedures, hApoE4 mice recovered similarly to WT mice with no differences recorded in eating, drinking, motor activity, and sleep postures. None of the mice showed atypical features in the EEG and EMG tracings.
Group 1 (IH)
Behavioral state. Overall analysis of the wake state for a period of 24 h revealed significant changes between baseline and IH in both WT [F (5, 23) (Fig. 2,  A-F) . All mice subjected to acute IH spent more time in the wake state during the IH period (Fig. 2, A and B) . There was a significant reduction in wake following IH during the dark period, which was more prominent in hApoE4 mice (42.67 Ϯ 1.56% vs. 58.01 Ϯ 1.47%) (Fig. 5A) [F (1,10) ϭ 51.26, P Ͻ 0.001]. SWS during acute IH showed that the mice spent significantly less time in SWS (Fig. 2, C and D) . After cessation of IH, there was a significant rebound in SWS, which was more prominent in hApoE4 mice (49.22 Ϯ 1.00% vs. 37.57 Ϯ 1.45%) (Fig. 5D) (Fig. 2, I and J) . Although all mice showed significant reduction in delta power during IH, hApoE4 mice were more affected (Fig. 6A) [F (1, 10) ϭ 25.24, P Ͻ 0.001]. The WT mice showed a significant rebound delta increase immediately following cessation of IH (P Ͻ 0.001) during the dark period, which was absent in hApoE4 mice (Fig. 6A) [F (1, 10) 
Wake episodes. The number of wake episodes at baseline in WT was 21.28 Ϯ 1.39 and in hApoE4 was 20.83 Ϯ 1.62. There was a significant increase in wake episodes from 1 PM to 7 PM during the IH procedures, indicating that IH elicited perturbations in sleep integrity in both WT and hApoE4 mice (Fig. 2,  G and H) . During exposure to IH, WT mice showed significant increases in episodes of wake (44.10 Ϯ 2.58; P Ͻ 0.001) and hApoE4 mice had 49.28 Ϯ 1.44; P Ͻ 0.001 (Fig. 6G ). There were no differences in the number of wake episodes following cessation of IH exposures.
Body temperature. Overall analysis for a period of 24 h revealed significant changes between baseline and IH in both WT [F (5, 23) (Fig. 2, K and L) . During exposure to IH, all mice showed significant reductions in body temperature (WT: Fig. 6D; [F (1,10) ϭ 6.06, P Ͻ 0.03]). The body temperature returned to baseline levels following cessation of IH during the dark period in WT mice (Fig. 2K ) unlike hApoE4 mice, which took longer to recover (Fig. 2L) [F (1,10) ϭ 5.03, P Ͻ 0.04].
Group 2 (SF)
Behavioral state. As in group 1, overall analysis of the wake, SWS, and REM sleep for a period of 24 h revealed significant changes between baseline and SF in both WT and hApoE4. The baseline values for wake (49.7 Ϯ 4.27%), SWS (44.32 Ϯ 3.73%), and REM sleep (5.85 Ϯ 0.63%) in hApoE4 mice showed no significant differences from those recorded in WT mice (51.37 Ϯ 3.71%, 42.62 Ϯ 3.77%, and 5.86 Ϯ 0.31% time in wake, SWS, and REM sleep, respectively; Fig. 3, A-F) . All mice subjected to SF spent more time in the wake state during the initial period of SF (Fig. 3, A and B) and showed no significant changes in wake following SF in either WT or hApoE4 mice (56.32 Ϯ 1.40% vs. 56.89 Ϯ 1.81%) (Fig. 5B) . SWS during SF showed that the mice spent significantly less time in SWS (Fig. 3, C and D) , an effect that was more prominent in hApoE4 mice {40.68 Ϯ 2.79% vs. 33.2 Ϯ 1.75%; [F (1, 10) ϭ 6.72, P Ͻ 0.027]}. After cessation of SF, SWS did not show significant rebound (WT, 39.52 Ϯ 1.28% vs. hApoE4, 38.07 Ϯ 1.63%; Fig. 5E ). During SF, both mice spent significantly less time in REM sleep (Fig. 3, E and F) . During the dark period, there was a significant rebound in REM sleep, which was more prominent in hApoE4 mice (5.03 Ϯ 0.23%; Fig. 5G) [F (1,10) (Fig. 3, I and J) , during SF both mice showed significant reduction in delta power. However, hApoE4 mice showed a more prominent reduction in delta power compared with WT (Fig. 6B) [F (1, 10) ϭ 53.31, P Ͻ 0.001]. The WT mice showed significant rebound delta increases immediately following cessation of SF (P Ͻ 0.001) during the dark period, and such responses were absent in hApoE4 mice (Fig. 6B) .
Wake episodes. The number of wake episodes at baseline was comparable in both mice. SF increased the wake episodes both in WT (41.72 Ϯ 1.31; P Ͻ 0.001) and hApoE4 mice (42.5 Ϯ 1.28; P Ͻ 0.001; Fig. 6H ), indicating SF procedure did elicit periodic arousal in both WT and hApoE4 mice (Fig. 3, G and H) . After cessation of SF, during delta power, the hApoE4 mice continued to exhibit significantly higher episodes of wake (18.58 Ϯ 0.23 vs. 16.44 Ϯ 0.51 WT, P Ͻ 0.004). The baseline values for hApoE4 mice were comparable to WT mice (Fig. 3, K and L). Significant increase in body temperature seen during exposure to SF was prominent in WT (37.34 Ϯ 0.16°C) than hApoE4 mice (36.67 Ϯ 0.18°C; Fig. 6E) [F (1,10) ϭ 8.85, P Ͻ 0.01]. hApoE4 mice required longer time to recover from SF-induced hyperthermia (Fig. 2L) [F(1,10) ϭ 5.03, P Ͻ 0.04] compared with the WT mice (Fig. 3K) .
Group 3 (IHϩSF)
Behavioral state. Wake, SWS, and REM sleep showed significant changes for a 24-h period, indicating that IHϩSF influenced state in both WT and hApoE4 mice. The baseline values for wake (47.82 Ϯ 3.47%), SWS (46.0 Ϯ 3.29%), and REM sleep (6.25 Ϯ 0.43%) in hApoE4 mice were comparable to WT mice (Fig. 4,  A-F) . During exposure to IHϩSF, mice spent more time in the wake state (Fig. 4, A and B) . The post-IHϩSF reduction in wake was more prominent in hApoE4 mice (37.14 Ϯ 2.05%) compared with WT (53.98 Ϯ 0.76%; (Fig. 4, E and F, and Fig. 5I ). The post-IHϩSF REM sleep showed a significant rebound that was more prominent in hApoE4 mice (9. (Fig. 4, I and J) . During exposure to IHϩSF, hApoE4 mice showed a marked reduction in delta power compared with WT (Fig. 6C) [F (1,10) ϭ 208.6, P Ͻ 0.001]. The rebound increase in delta power following IHϩSF observed in WT mice (P Ͻ 0.001) was absent in hApoE4 mice (Fig. 6C) [F (1, 10) (Fig. 4L) [F (1,10) ϭ 15.43, P Ͻ 0.003] compared with WT mice (Fig. 4K) .
Comparison between experimental groups. Overall (24 h) comparisons between groups showed significant differences in all three behavioral states wake [F (8, 45) ϭ 36.13, P Ͻ 0.001], SWS [F (8, 45) ϭ 23.09, P Ͻ 0.001], and REM sleep [F (8, 45) ϭ 226.54, P Ͻ 0.001]. In all groups, the preintervention period was comparable. However, wake state showed a significant decrease [F (2, 15) ϭ 31.37, P Ͻ 0.001] in both IH (q ϭ 10.85, P Ͻ 0.001) and IHϩSF (q ϭ 7.822, P Ͻ 0.001) compared with SF during the postintervention period. SWS showed a significant increase [F (2, 15) ϭ 23.90, P Ͻ 0.001] in both IH (q ϭ 6.98, P Ͻ 0.001) and IHϩSF (q ϭ 9.42, P Ͻ 0.001) compared with SF during the postintervention period. However, REM showed a significant decrease both during intervention [F (2, 15) MSLT. MSLT showed comparable SWS duration during each 20-min bin of recovery periods in both hApoE4 and WT mice during baseline conditions (Fig. 7) . However, after every intervention (IH, SF, and IHϩSF), hApoE4 mice spent markedly higher time in SWS during the recovery time compared with WT mice for the first eight cycles. MSLT performed after exposures to IH [F (5, 23) (Fig. 7 ) revealed significant reductions in SWS latency in hApoE4 mice, which were more pronounced after exposures to IHϩSF. Starting at the ninth cycle, WT mice showed similar sleep latencies compared with the hApoE4 mice, indicating increased sleep pressure.
DISCUSSION
In the present study, we report on persistent increases in wake and decreases in SWS and REM sleep during a 6-h exposure to IH and IH ϩSF, as well as reductions in delta power and hypothermia. Such deficits were also seen in mice after SF procedures, albeit to a lesser extent, and without delta power suppression and hypothermia. Murine MSLT on the following day after such interventions showed a reduction of the average latency to sleep onset (a direct measure of sleepiness) in hApoE4 mice. The magnitude of the effects seen following any of the interventions was significantly higher in hApoE4 mice compared with WT controls. Based on such findings, hApoE4 mice exhibited more pronounced hypersomnolence, as evidenced by rebound SWS and REM sleep and reduced sleep latencies, independently from the type of exposure.
The exposures to IH, SF, and IHϩSF were designed to reproduce some of the characteristics of the sleep profile of patient suffering form sleep apnea, in whom sleep is fragmented, thereby resulting in chronic deficits in the amount of stages 3-4 of NREM sleep and deficits in REM sleep (19, 39, 46, 55) . The exposures to IH, SF, and IHϩSF effectively fragmented sleep and displayed potentiated effects during IHϩSF. Such synergistic effect was particularly prominent in REM sleep, which was completely abolished in IHϩSF mice. It is worth noting that acute IH alone did elicit fragmented sleep, thereby increasing wake episodes, and IHϩSF potentiated this effect. The acute short-term nature of the present study is a clear limitation. Despite the novelty and exploratory nature of such experiments, it is likely that both earlier and later time points, as well as assessment of long-term chronic exposures to IH, SF, and IHϩSF conditions, may elicit differentially expressed effects in both their magnitude and characteristics. hApoE4 mice exposed to IH, SF, and IHϩSF exhibited abnormalities in their ability to regulate sleep that are akin to the sleep regulatory deficits observed in AD patients. However, the exact nature of ApoE4-mediated neurochemical and physiological underpinnings for disruption of sleep in AD remains unknown. ApoE is associated with the intracellular neurofibrillary tangles, which are composed of cytoskeletal elements, especially phosphorylated and extracellular amyloid plaques (36, 64) . Many AD-like features have been reproduced in murine models expressing human ApoE4, including increased plaques (24, 25) , reduced presynaptic terminals with ApoE4 (4 -6), increased phosphorylated with neuronal expression of ApoE4 (3, 21, 59) , and impaired spatial learning and memory (28, 42, 43) . The present study provides evidence on the unique susceptibility of sleep integrity and homeostasis to disruption in hApoE4 mice. However, comparing mice with transgenic human ApoE4 with mice in which a human ApoE3 would be expressed would definitely provide a more suitable control, even if such comparisons have been already reported (9) .
Sleep disturbances that have been reported in AD patients include significant loss of SWS and REM sleep, as well as increases in the latency to the first REM sleep episode and an increase in the amount of wakefulness and EEG slowing during wake and during REM sleep (2, 32, 41) . Such perturbations in sleep structure lead to the breakdown of sleep/wake circadian rhythms and marked attenuations in delta sleep (31, 41, 48, 61, 62) . The current experiments were conducted in younger mice, and as such, the magnitude of sleep alterations was not observed during baseline conditions but became apparent during the recovery period from any of the three experimental sleepdisrupting paradigms used herein. Of note, sustained IH may independently have resulted in oxidative stress injury, especially to the hippocampal formation and prefrontal cortex (18, 33) , basal forebrain (60), noradrenergic locus ceruleus and dopaminergic ventral periaqueductal gray wake neurons (66) . Thus, in the context of the oxidative stress elicited by either IH (33) or SF (34), the increased susceptibility both during and following IH, SF, or IH-SF in hAPOE4 mice was not surprising (28) .
In AD patients, a phase delay in body temperature (later time of peak) and lower amplitude of body temperature rhythm have been described (48, 63) , and there is also evidence that the suprachiasmatic nucleus and its output pathways are disrupted in AD (16, 54, 57) . We are unaware of any published study on the effects of IH and SF on thermoregulation, especially in hApoE4 mice. In rats, medial preoptic ␣-2 adrenoceptors are implicated in sleep and thermoregulation (45) . Previous studies have shown that application of sustained hypoxic stimuli decrease body temperature and reduce metabolism in rats (12, 37) . Sleep efficiency is maximal under thermoneutral conditions (51) and hence the quantity of sleep, especially REM sleep, is decreased when ambient temperature is raised or lowered outside the thermoneutral range (58), a phenomenon that is corroborated by our findings in WT mice. It has been previously shown that sustained hypoxia elicits a reduction in the behavioral thermoregulatory set point in rats (14) , and, at subthermoneutral ambient temperatures, such changes are accompanied by reductions in both body temperature and metabolic heat production (12) . In a 2001 study (20) , application of hypoxic stimuli during sleep led to body temperature decreases, with continuous hypoxia promoting lower body temperatures than when intermittent hypoxic stimuli were applied and timed to coincide with the sleep episodes. However, these studies that were carried out in normal rats cannot be extrapolated to murine models of neurodegenerative disorders such as hApoE4 mice. Our findings further reinforce the concept of unique vulnerabilities being present in multiple neuronal populations in hApoE4 mice and their restricted ability to recover from any disruption, including sleep and thermoregulation. Hence, further studies are needed to determine the contributions of IH to decreases in body temperature, and conversely the hyperthermic consequences of SF, and their relationship to the alterations in sleep architecture reported here in both WT and hApoE4 mice.
Taken together, the present study shows that even a short-term exposure to some of the constitutive elements of sleep apnea, namely IH, SF, and IHϩSF, is sufficient to elicit sleep deficits, especially in terms of delta power and excessive sleepiness, and that the presence of hApoE4 further exacerbates such effects. These findings further suggest that the neurobehavioral impairments and the residual excessive sleepiness in AD patients carrying ⑀4 allele with OSA may stem from IH-and SF-induced alterations in sleep homeostatic responses.
Perspectives and Significance
The ⑀4 allele of the ApoE gene is a known risk factor for AD that is identified in ϳ20 -25% of the population and in 40 -50% of late-onset AD cases (49) . Although ApoE is directly implicated in AD pathology and etiology, the specific function of ApoE in the brain and the mechanism(s) by which this genotype facilitates progression of AD need further investigation. Although some studies reported no differences between patients with AD and controls (53) , other cohort surveys reported higher prevalence of OSA in AD and in ApoE ⑀4 allele-positive individuals compared with the rest of the population (23). These cross-sectional studies should be construed as testing one of two plausible (but indistinguishable) working hypotheses, namely, 1) AD causes sleep apnea, perhaps by disruption of motor outflow from medullary centers controlling breathing at either the diaphragmatic (central events) or the upper airway motor level (obstructive or mixed events); or 2) sleep apnea could have caused or otherwise facilitated AD progression via effects on higher cortical function. Our present findings support that hApoE4 mice experience higher degrees of hypersomnolence, reduced sleep latencies, and poorer thermoregulatory responses during short-term exposures to SF and IH, suggesting that interactions between OSA and AD may lead to enhanced central nervous system susceptibility and disease progression. The deficits in sleep regulatory mechanisms in the context of murine models of OSA lay out an intricate web of neurochemical and neurophysiological pathways that hamper homeostatic recovery processes in hApoE4 mice. 
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